
JOURNAL OF 

AUGUST 1984 
VOLUME 73 NUMBER 8 

PHARMACEUTICAL 
SCIENCES @ 

RESEARCH ARTICLES 

Relationship of Chemical Structure to Corneal 
Penetration and Influence of Low-Viscosity Solution on 
Ocular Bioavailability 

GEORGE M. GRASS and JOSEPH R. ROBINSON” 
Received May 2, 1983, from the School of Pharnracy, Uni iws i t y  of Wisconsin, Madison. Wl53706. Accepted for publication August 12. 1983. 

Abstract 0 Current understanding of the mechanism of corneal penetration 
by organic molecules proposes the epithelial layer as the rate-limiting mem- 
brane for water-soluble compounds and the stromal layer as rate limiting for 
lipid-soluble compounds. This suggests that the relationship between corneal 
permeability and the logarithm of oil/water partition coefficients, for a series 
of drugs, should not be the typical, single, continuous, parabolic-shaped curve. 
Corneal penetration studies have been conducted in  unanesthetized albino 
rabbits using various organic compounds, representing five orders of rnagni- 
tude in partition coefficient, at a constant concentration of 4 X M dis- 
pensed in either a I -  or 90-centipoise (cps) solution. It has been shown that 
for non-ionizable compounds, a pair of bell-shaped curves were generated, 
one for lipid-soluble and one for water-soluble compounds. Small water-soluble 
species demonstrate very high apparent permeabilitics, which may relate to 
the presence of aqueous pores or other paracellular drug movement. Pene- 
tration of ionizable compounds does not appear to correlate well with the 
structural relationships invoked for un-ionized compounds. Consistent with 
the proposed mechanisms of corneal penetration, oil-soluble drug substances 
show no improvement in drug bioavailability when dosed from a 90-cps so- 
lution, and water-soluble drugs show a modest improvement in ocular drug 
bioavailability. Small water-soluble substances demonstrate no improvement 
due to their already high bioavailability. The importance of nonproductive 
absorption and precorneal drainage on bioavailability is addressed. 

Keyphrases 0 Bioavailability, ocular-corneal penetration mechanisms, 
low-viscosity solutions 0 Corneal penetration-ocular bioavailability, low- 
viscosity solutions 

Although numerous studies on the penetration of organic 
compounds into the eye from topical dosing have been re- 
ported, these efforts have been limited in the majority of cases 
to the simple quantification of the amount of drug reaching 
the aqueous humor (1 -3). None of these in uiuo studies were 
designed to explore the relationship between drug structure 
and corneal penetration rate. On the other hand, there have 
been several reported in uitro studies which were expressly 
designed to explore corneal penetration rate and properties of 
the permeating species, especially the partition coefficient of 
the permeating species (4-6). In each of the in uitro studies, 
only a limited number of compounds and/or partition coeffi- 

cient ranges was studied, and interpretation of the results 
generally ignored the mechanism of corneal penetration and 
precorneal disposition kinetics. 

The intent of the present work is to explore corneal drug 
absorption as a function of drug properties, including the fol- 
lowing specific aims: ( a )  an examination of vehicle effects 
(low-viscosity solutions) on drug bioavailability and the rela- 
tionship of this effect, if any, to the mechanism(s) of corneal 
permeability, and ( b )  an investigation of the relationship of 
corneal penetration to physicochemical properties of the drug 
entity. 

Several investigators (4-7) have postulated that the best 
predictor of corneal penetration rate of drugs is the oil/water 
(o/w) partition coefficient, and that an optimum partition 
coefficient exists for maximal penetration. Furthermore, 
several sources cite this optimal o/w partition coefficient for 
corneal penetration at a value of 1O:l-1OOO:l (4,6), with the 
corresponding implication that very water-soluble drugs do 
not penetrate effectively. It has also been assumed that the 
charged forms of the drug, i .e.,  ionized molecules, penetrate 
the cornea at a low rate that is essentially zero. In general, the 
studies upon which these assertions/assumptions have been 
based employed in uitro mounted corneas and either a re- 
stricted range of drugs ( i . e . ,  a restricted range of partition 
coefficients) or a small number of drugs. 

Based on published studies (8,9) and the known structure 
of the cornea, a limiting-membrane mechanism for corneal 
penetration of small organic molecules, as depicted in Fig. 1,  
is proposed. When a drug with a high o/w partition coefficient 
is applied to the cornea, it quickly partitions into the “lipid- 
like” epithelial layers of the cornea. However, for such a drug, 
the aqueous stroma presents a rate-limiting membrane and, 
therefore, a small concentration gradient across this barrier 
is expected. Conversely, when a compound with a low o/w 
partition coefficient is applied to the corneal surface of high- 
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Figure 1 -Diagrammatic representation of proposed limiting-membrane 
mechanism for corneal penetration of small organic molecules based on 
oil/water partition coefficient for [he penetrating species. 

lipid character, this region serves as the rate-limiting mem- 
brane. Once across this barrier, the drug favorably partitions 
and quickly diffuses across the stroma. At some intermediate 
partition coefficient, it is likely that both membranes are rate 
limiting. 

Directly related to this model are the anticipated effects of 
low-viscosity solutions on drug bioavailability. It is known that 
an increase in solution viscosity from 1 to 100 centipoises (cps) 
causes a decrease in precorneal drainage and, hence, increases 
corneal contact time for the drug. The decrease in the drainage 
rate constant, over this viscosity range, is -10-fold in albino 
rabbits (10). For drugs with high o/w partition coefficients, 
little or no improvement in the bioavailability of the drug in 
the aqueous humor is expected, since the drug quickly parti- 
tions into the epithelium and the limited increase in contact 
time afforded by this solution should be of little or no benefit. 
However, water-soluble substances should show increased 
bioavailability due to the fact that any increase in contact time 
with the cornea allows continued flux of the drug across the 
rate-limiting membrane. Evidence of this result in rabbits has 
already been demonstrated for pilocarpine in low-viscosity 
polyvinyl alcohol and methylcellulose solutions (10-1 3) .  

A prediction of the effect of viscosity on bioavailability for 
compounds which possess both water and oil solubility (in- 
termediate o/w partition coefficient) is difficult, since these 
drugs will most likely combine the above mechanisms. Pre- 
dictions concerning ionizable compounds are equally difficult, 
since corneal penetration may involve mechanisms which are 
unrelated to the o/w partition coefficient. Expected corneal 
penetration mechanisms for the different drug types are 
summarized in Table I. 

THEORETICAL SECTION 

Pharmacokinetic Background-Many aspects of drug disposition in the 
eye have been reported (8. 15-17), Of particular interest is the precorneal fate 
and the rate of corneal absorption of various compounds. Extensive work in 
this area has k e n  reported for pilocarpine, and this provides a substantial base 
from which to make predictions for other drugs (18). 

One of the most important developments to come from the kinetic modeling 
of pilocarpine is the notion of a parallel loss process from the precorneal area. 
When a drug is placed in  the precorneal area, in a simple solution, it experi- 
ences very short residence time. All corneal absorption of pilocarpine ceascs 
after 4-5 min in rabbits (15). This, combined with the fact that most drugs 
demonstrate a relatively short time to reach peak levels in the aqueous humor, 
led early investigators to believe that the rate of corneal absorption was quite 
large (0.5 min-I). However, this apparent rate constant and the true rate 
constant for corneal absorption have been demonstrated to be -100 times 
smaller [-0.005 min-' (IS)]. The remaining rate of disappearance of drug 
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Figure 2-Representation of the effects of changing rate constants on peak 
concentration (Cmox) in the aqueous humor. Key: (0 )  klo; (A) kl2;  (m) 
k23. 

from the precorneal area (0.495 min-I) can be attributed to several loss 
processes, collectively referred to as the parallel loss function. This elimination 
step consists primarily of drainage coupled with tear turnover and nonpro- 
ductive absorption. Since the rate constant for parallel elimination is -100 
times larger than the absorption rate constant. it is obvious that it is this larger 
rate constant which will control the time to reach peak drug levels in  the cornea 
and the aqueous humor. 

Since this is a parallel first-order process, the fraction of the dose absorbed 
can be calculated from: 

where klz is the true rate constant for corneal absorption and klo is the rate 
constant for precorneal loss. A simple calculation using the determined rate 
constants for pilocarpine predicts that the fraction absorbed should be 4.01, 
and this has been found to bc a good estimate ( I S ) .  Assuming that k l o  is 
largely comprised of the drainage rate constant (19). changes in  the fraction 
of dose absorbed should bc a direct reflection of changes in klz .  

An initial premise of the present work is that the true corneal absorption 
rate should be related to the o/w partition coefficient of the specific drug. 
Assuming this is accurate, it should be possible to predict changes in the extent 
of absorption from changes in the o/w partition coefficient. 

Directly related to the above discussion is the expccted effect of instilled 
solution viscosity on the extent of corneal absorption. Previous work with 
methylcellulose has demonstrated that a 100-cps solution can improve pre- 
corneal residence time by a factor of -10, with a corresponding doubling of 
the aqueous humor levels of pilocarpine (10). Since an increase in  residence 
time is associated with a decreased drainage loss, with subsequent smaller 
influence of tear turnover, this allows a calculated estimate of the maximum 
increase expected for this dosage form. Decreasing k 1 0  by a factor of 10 and 
then calculating Eq. 1 gives a fraction absorbed of 0.09, or about a ninefold 
increase. I t  is emphasized that this calculation is for the maximum improve- 
ment obtainable and is dependent on the absolute magnitude of the corneal 
absorption rate. Just as the available time for corneal absorption increases 
so will that for nonproductive absorption, thus increasing drug loss by this 
mechanism. Also, drugs which could attain saturation of the epithelial layer 
would show varying degrees of improvement less than this amount. Since the 
degree of this saturation should be related to the o/w partition coefficient of 
the absorbing drug, very oil-soluble drugs should demonstrate little or no 
improvement. while very water-soluble compounds should approach this 
maximal increase. A gradation of this effect is expected for compounds with 
an intermediate o/w partition coefficient. 

Theoretical F'harmacokinetic Simulations- As shown in  Scheme 1, a sim- 
plified model of the eye, based on previously published work with pilocarpine, 
was chosen to assess the importance of the various rate constants on drug levels 
in  the aqueous humor. Drug movement is designated in  one direction only, 
since there is no evidence of significant back-diffusion. 

kl2 ka k 30 
hecorneal - Cornea - Aqueous - km 

Area Humor 1 kw 

Scheme I-Model used to determine effects of parallel loss on C,, and tmOx 
in aqueous humor 
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Table I-Expected Mechanism(.$ of Corneal Penetration and 
Corresponding Viscosity Effects 

Apparent Low- 
Rate- Viscosity 

Drug Limiting Polymer 
Type Membrane Mechanism Influence 

Water Epithelium 
soluble 

Water and Epithelium- 
oil stroma 
soluble 

Oil Stroma 
soluble 

Ionizable Epithelium 

- Low oil/water partition 
into epithelium - High ocular bio- 
partition rate plus rapid availability 
diffusion through 
stroma-endothelium 

- Leaky channels do exist, 
i .e.,  albumin (14) 

- Solute movement may be 
intercellular and/or 
transcellular 

- Both mechanisms operate Unknown 

Increase in 

-High oil/water partition No effect 
into epithelium and rapid 
diffusion through 
epithelium 

into stroma 
- Low oil/water partition 

- Mechanism not solely Variable 
-or aqueous dependent on partition 
channel coefficient 

The rate equation for appearance of drug in the aqueous humor is presented 
as: 

dAjdt = k23C - k j o A  (Eq. 2) 
where k23 is the rate constant for transfer from the cornea to the aqueous 
humor, k3o is the elimination rate constant from the aqueous humor, C i s  the 
amount of drug in  the cornea, and A is the amount of drug in the aqueous 
humor at  time I .  C can be represented by: 

as earlier derived ( IS) ,  where D is the dose administered, k 1 2  is the rate con- 
stant for corneal absorption, and k l o  is the rate constant for precorneal loss. 
Equation 3 was integrated to give the amount of drug in  the aqueous 
humor: 

A =- D k 1 2 k 2 3  ( a e - k a r  + be-k231 + C e - K I )  
abc 0 3 . 4 )  

w h e r e a i s k 2 j - K , b i s K - k 3 o , C i s k j o -  kz, ,andK= k l 2 + k l 0 .  ltshould 
be noted that when D has a value of unity, A becomes the fraction of the ap- 
plied dose in the aqueous humor at time t. 

Simulations were conducted by solving for the fraction of dose in the 
aqueous humor at  various times up to 60 min. Each rate constant was varied 
individually with the remaining values held constant, using the experimentally 
determined values for pilocarpine as starting values. A series of curves de- 
lineating the fraction of dose in aqueous humor uersus time was generated 
for each rate constant examined. The elimination rate constant (kjo)  was not 
varied . 
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Figure 3-Representation of the effecis of changing rate constanis on peak 
time (t,,,,,J in the aqueous humor. Key: (a) klo; ( A )  k12; (H) k23. 
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Figure 4 -Results of i n  vitro evaporation experiments for  methanol con- 
ducted at 34°C. Note that the S E M  i s  less than point size. 

In Figs. 2 and 3, the rate constant for parallel loss ( k l o )  is shown to affect 
both the time of peak concentration (Imar) and the magnitude of aqueous 
humor levels (&,). The effect of decreasing the magnitude of this loss with, 
for example, a viscous solution or sustained-release system to a factor of 10 
less, causes the expected increase in  C,,,. It is important to note that any 
decrease in klo will be accompanied by a change in  i,,,. In this case, an 
order-of-magnitude decrease in  klo  will result in an increase in peak time from 
the normal time of 20 min to -40 min. 

Results obtained for variations in the true absorption rate constant from 
its experimentally determined value of 0.005 min-’ demonstrate that the 
fraction of drug reaching the aqueous compartment is increased significantly 
with an increase in kl2  (Fig. 3) ,  as was expected from Eq. I .  Another result 
demonstrated in these simulations (Fig. 2), which would not be intuitively 
expected, is that i,,, is minimally affected by increases in the range of values 
used for this rate constant. This is due to the fact that the changes in k12 are 
minimal when compared with the magnitude of klo .  which remains the con- 
trolling rate constant for precorneal processes. When k12 is increased by two 
orders of magnitude, this only doubles the sum of k 10 and k 12; hence, the effects 
on tmx in this range of values are minimal. Therefore, it is expected that if 
changes in partitioning affect only the absorption rate constant, no effect on 
the time of peak levels in the aqueous humor should be observed. This is 
consistent with a previously presented theory ( I  5). 

The effects of a theoretical change in the rate constant for transfer of drug 
from the cornea to the aqueous humor ( k 2 3 )  were as anticipated. At values 
below the experimentally determined value for pilocarpine (0. I min-I), imax 
is increased and C,,, is decreased. Conversely, imax is decreased and C,,, 
is increased for values >O.l min-I. 

Summarizing the effects of changes in these rate constants on tml and C,,,, 
it may be concluded that an increase of the partition coefficient, which favors 
an increase in permeability through the corneal epithelium, will increase 
bioavailability of the compound (C,,,), but should not influence the time to 
maximum aqueous humor concentration. This simulation does not allow for 
changes in nonproductive absorption due to changes in permeability from 
partitioning. 

Table 11-Characterization and Applied Concentration of Studied 
Comwunds 

Specific Actual 
Activity, Applied 

Ci/ Conc., 
Drug Name Label Supplier0 mmol x 10-5 

Progesterone Carbon- 14 A 0.056 3.8 
Fluorometholone Tritium A 23 4.01 
Fluorometholone Tritium A 30 4.26 

Hydrocortisone Tritium B 88 4.17 
Hydrocortisone Carbon- I4 B 0.055 13.8 
Prednisolone Tritium A 53 4.04 
Methanol Carbon-I 4 B 0.0036 46.80b 
Ethanol Carbon- 14 B 0.02 1 7.64 
Butanol Carbon- I4 B 0.0009 92.23b 
Glycerol Carbon- 14 B 10 12.6b 
Propranolol Tritium A 23 4.69 
Pilocarpine Tritium B 6.95 4.00 

0 A: New England Nuclear, Boston, Mass.; B: Amersham. 

acetate 

Pyrilamine Tritium A 24.1 4.73 

See text. 
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Table 111-Thin-Layer Chromatography Results for Aqueous Humor 
Samples 

Drug Name 

Progesterone 
Progesterone 
Fluorornet hone 

acetate 
Fluoromethone 

acetate 
Hydrocortisone 
Hydrocortisone 
Prednisolone 
Glycerol 

Solvent System 

Dichloromethane-acetone 
Ethyl acetate 
Dichloromet hane-acetone 

Chloroform -ethyl acetate 

Dichloromethane-acetone 
Ethyl acetate 
Ethyl acetate 
I-Rutanol- water 

Ratio 

4: I 

4: 1 

3: 1 

I : ]  

- 

.- 

- 
9: 1 

Metabolites 
Detected, % 

<5.0 
<10.0 

<4.0 

<1.0 

<2.0 
<1.0 
<1.0 
<3.5 

Factors which decrease the magnitude of drug loss will have a direct and 
almost linear effect on aqueous humor concentration and may increase the 
time to reach peak levels. A 10-fold decrease in  k l o  will result in a change in 
peak  time from 20 min 10-40 min. Another factor of lodecrease should result 
in a peak time of 90 min. I t  can be concluded, therefore, that a viscous solution 
that reduces the rate of loss from the precorneal area by a factor of 10. and 
increases C,,,,,., should have a small effect on tmar.  It is also notable that the 
second factor of 10 decrease in k 10 (to a value of 0.005 min-I) does not provide 
the same factor of nine increase in C,,, decribed earlier, since it appears that 
for this rate constant an asymptotic balue is reached (Fig. 3). This is reasonable 
and represents the ideal situation where no drug is lost, and X-12 is the only 
precorneal rate constant for drug removal. 

Due to the overwhelming magnitude of k l o .  this rate constant has been 
proposed to control the peak time of drug in the aqueous humor. I n  cases where 
kro is constant or decreases, this is valid. However, changes in k 10 cannot in- 
duce a peak time in  <20 min as  demonstrated i n  Fig. 2. An increase in k 2 3  is 
required to obtain a shorter peak time. The magnitude of k :O reaches an as- 
ymptotic value at 20 min. This value is obtained within the normal range of 
values expected for this rate constant, hence its control over CmaX. rmax values 
below 20 min appear to be induced by an increase in  the rate of transfer from 
the corneal epithelium to the following compartment. However, it is empha- 
sized that the absolute magnitude of this asymptotic value of k l o  is dependent 
on the fixed values of the remaining rateconstants ( k l z  and k n ) .  

EXPERIMENTAL SECTION 

Materials-Radiolabeled substances were obtained from commercial 
sources. All compounds were purified by vacuum distillation immediately prior 
to use. The original supplier, specific activity, and type of radiolabel are in- 
dicated in Table 11 for each compound. All other chemicals were either reagent 
or analytical grade and were used as received. 

Male albino rabbitsZ (weight, 2.5-3.0 kg) were used throughout. Lighting 
and auditory background were maintained at  a constant level in the caging 
facilities. and the animals were fed a regular diet with no restrictions on the 
amount of food or water consumed. 

Preparation of Solutions-Drug solutions were prepared by the addition 
of purified, labeled material to a 4.0 X M solution of the specific drug. 
The standard buffer solution was isotonic Sorenson's buffer at a pH of 7.4. 

"1 70 t t  

0 N 

% 40 

Log pc 
Figure 5- Plot of molar concentration versus log partition coeJficient for 
un-ionized species only. 

* Klubertanz. Edgcrton, Wis, 

Table IV-Effect of Solution Viscosity on Aqueous Humor Blorvailnbility 

c-20, x 109 
Compound Log PC 1 eps 90 cps Increase, % 

~ ~~ ~~~~~~~~~~~ 

Progesterone 3.89 3.25 (0.51)" 3.73 (0.38) Ob 
Fluorometholone 2.00 23.72 (3.55) 29.84 (4.38) 0 
Fluorometholone 1.50 33.17 (10.57) 38.57 (6.83) 0 

Pro ranolol I .25 2.75 (0.34) I .84 (0.25) 0 

Prednisolone 0.97 2.59 (0.57) 3.50 (0.48) 0 
Pyrilamine 0.80 9.94 (1.44) 13.84 (1.53) 4OC 
Pilocarpine 0.22 5.56 (0.46) 10.84 (1.56) 95d 
Methanol -0.32 64.69 (10.90) 83.64 ( I  8.90) 0 
Glycerol -1.79 6.84 (1.27) 8. I5 (0.79) 0 

acetate 

Hy&ocortisone 1.20 25.80 (3.10) 33.46 (3.02) 0 

Numbers in parentheses re resent S E M .  Percent increase was taken to be zero 
if no statistical difference was round between the means by I test. c p  < 0.01. d p  < 
0.001. 

Sufficient radioactive material was used to ensure good counting efficiency 
throughout the studies, i.e.. 1OO,ooO-4OO,ooO cpm/pL of dosing solution. The 
actual final molar concentration of the solution was calculated from sum- 
mation of the amount of unlabeled and labeled drug (Table 11). Individual 
compounds, which resulted in high concentrations (Table I I .  footnote b) due 
to low specific activity, were also repeated at  20-min time points a t  another 
concentration to ensure linearity. All solution concentrations were normalized 
to 4 X 

Ninety-centipoise solutions were prepared by the addition of methylcel- 
lulose3 to a standard buffer solution until a final concentration of 0.8% polymer 
was reached. The viscosities of the solutions were determined with a viscom- 
eter4. 

Partition Coefficient Determinations-Oil/water partition coefficients were 
determined for all compounds listed in Table I I .  For lipid-soluble drugs, 4 X 
lo-' M solutions of these compounds, with a sufficient amount of radiolabeled 
material added, were prepared in octanol. One hundred milliliters of this so- 
lution was added to an equivalent volume of isotonic Srenson's buffer (pH 
7.4) and allowed to reach equilibrium in a constant-temperature water bath 
at  34OC for 5-7 d. Both aqueous and octanol layers were sampled at  24-h in- 
tervals, and the samples placed in vials with scintillation cocktail for counting. 
The experimentally determined concentration was compared with the initial 
concentration in octanol, and an o/w partition coefficient was calculated. For 
water-soluble compounds, the procedure was the same except that the initial 
solution was prepared in the aqueous buffer phase. 

Aqueous Humor Concentration Determinations-Rabbits were placed in 
restraining boxes to minimize movement. Doses (25 pL)  were administered 
directly onto the corneas of both eyes with a micropipet. Animals were sac- 
rificed at various times postdose by rapid injection of sodium pentobarbital 
solution through a marginal ear vein. The corneal surface was rinsed with 
buffer solution and carefully blotted dry with tissue. Aqueous humor samples 
were then tapped with a I-mL syringe fitted with a 27-gauge needle. 

Aqueous humor samples were transferred to glass vials, and scintillation 
cocktailS was added. Vials were dark-adapted for 24 h before counting to 
minimize chemiluminescence. Samples were counted with a liquid scintillation 
counter6 and, after appropriate corrections, the final counts were converted 
to micrograms of drug per milliliter of aqueous humor. 

Throughout the study, samples were removed as quickly as possible to 
minimize error due to redistribution and elimination. This is of particular 
importance for early time points and for drugs with apparently fast absorption 
kinetics. Rinsing the cornea prior to sampling and rapid surgery were methods 
used to minimize potential sources of error. 

Metabolism Studies-Four aqueous humor samples were pooled, extracted 
with 1 mL of chloroform, and then centrifuged. The recovered chloroform 
was evaporated under nitrogen and then 10 p L  of methanol was added. The 
methanol solution was spotted on silica gel plates' and developed in an a p  
propriate solvent system. For water-soluble compounds (glycerol), aqueous 
humor was spotted directly without extraction. Control solutions were ex- 
tracted, excepted glycerol, and treated in an identical manner. Dried plates 
were cut into 0.5-cm sections and then placed in scintillation vials containing 
I mL of methanol or water and mixed for 5 min. Scintillation cocktail was 
added and the samples counted after 24-h dark adaptation. Results were 
compared to TLC plates which had been spotted with nonradioactive solutions 

M for calculation and comparison purposes. 

Methylcellulosc E4-M Premium; Dow Chemical Co.. Midland, Mich. 
Brookfield Engineering Labs., Stoughton, Mass. 

J .Aquasol; New England Nuclear, Boston, Mass. 
6 Packard Model 2002; Packard Instrument Co.. Downers Grove, 111. ' Polygram Sil G / U V ~ J ~ ;  Brinkmann Instruments, Westbury. N.Y. 
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Table V-Molar Concentration of Drug in Aqwous Humor at  Various Times Postdose 

Lipid Soluble 
Log Mol. c- 10, c-20.  C-30, C-45, 

Compound PC w t .  x 1 0 9 ~  x 109 M x 109 M x 109 M 

Progesterone 3.89 314 I .62 (0.36)O 3. 25 (0.51) 5.16(1.31) 6.78 (1.55) 
Fluorometholone 2.00 3 76 10.79 (1.62) 23.72 (3.56) 30.19 (4.45) 22.78 (3.71) 
Fluorometholone 1 .so 418 - 33.17 (3.34) 

Hydrocortisone 1.20 363 5.85 (0.89) 25.82 (3.10) 36.26 (7.41) 6.57 (1.34) 
Prednisolone 0.97 360 3.04 (0.58) 2.59 (0.57) 3.84 (0.65) 2.89 (0.32) 

- 

acetate 

Water Soluble (Un-ionized) 
c-5 c-10 c - 2 0  C-30 

x 1 0 9 ~  x 1 0 9 ~  x 1 0 9 ~  x 1 0 9 ~  

Butanol 0.88 74 - 56.43 ( 1  0.17) 35.47 (10.04) ... 

Ethanol -0.32 46 - 59.31 (10.57) 65.57 (8.71) - 
Methanol -0.5 32 144.38 ( I  2.55) 59.49 ( I  3.97) 64.69 (10.88) 31.35 (1  1.45) 
Glycerol - I  .79 92 - 3. I2 (0.48) 6.84 ( I  .27) 6.32 (0.82) 

Wafer Soluble (Ionized) 
c-10, c-20 ,  C'-30, c -45 .  

D K ,  x 109 M x 1 0 9 ~  x 1 0 9 ~  x 109 M 

Propranolol 1.24 295 9.1 2.01 (0.50) 2.74 (0.34) 5.33 (0.76) 1.17 (0.24) 
Pyrilamine 0.80 295 8.9 5.75 (0.99) 7.04(1.01) 8.94 ( I  .86) 6.31 (1.01) 
PilocarDine 0.22 27 I 6.67 4.48 (0.37) 5.56 (0.46) 5 .  I 5  (0.73) 3.79 (0.54) 

4 Numbers in parentheses represent SEM. 

and examined under UV light to determine RJ values for each drug in its 
specific solvent system. 

la Vitm Evaporation Studies-A 10.16-cm diameter petri dish was sus- 
pended in a water bath maintained at 34OC. Distilled water was added to just 
cover the inner surface of the dish. A 2.54-cm diameter watch glass was placed 
onto this arrangement and 25-kL samples of the test solution were placed on 
the watch glassand allowed to evaporate for 5 2 0  min. A separate watch glass 
was used for each determination to avoid contamination. At appropriate times, 
disks were rinsed with 3 mL of distilled water, and the rinsing solution was 
retained in a scintillation vial. Determinations of amount of compound re- 
maining with respect to time were computed. 

RESULTS 

Drug Metabolism-Table 111 indicates, unexpectedly, that there is little 
or no metabolism occurring for the drugs examined over the time course of 
these studies. For example. published results (20) for prednisolone acetate 
demonstrate 100% metabolism under these conditions, and one would antic- 
ipate that fluorometholone acetate would behave similarly. Further comment 
on metabolism will be presented subsequently. 

Viosity Effects-Table IV gives the results of partition coefficient studies 
and aqueous humor levels for both I -  and 90-cps solutions. Results of partition 
coefficient studies correlate well with data available from Leoet a/ .  (21). The 
percent bioavailability increase between I -  and 90-cps solutions was indicated 
as zero if there was no statistical difference (p < 0.01) in the mean values at 
20 min as indicated by Student's f test. It is notable that a significant increase 
was demonstrated only for pilocarpine and pyrilamine. Additional studies for 
glycerol at both 20- and 30-min time points established that a change in tmax,  
expected from an increase in klo,  had not obscured the effects ofviscosity on 

Drug Concentratkm in Aqwous Humor-Drug levels in the aqueous humor 
for the compounds studied are given in Table V. From the data, it appears that 
there is not a linear relationship between the partition coefficient and the 
amount of drug in the aqueous humor at 20 min. An order of magnitude in- 
crease in the partition coefficient does not coincide with a similar magnitude 
increase in  the aqueous humor drug levels. 

The low molecular weight alcohols (methanol, ethanol, and butanol) 
demonstrated peak times 210 min. Methanol and tritiated water data8 from 
this laboratory had significantly (p < 0.005) higher levels in the aqueous 
humor at  5 min as  compared with the 10-min levels. These cornpounds also 
have increased precorneal loss rates. In oifro determinations of evaporation 
rates for these compounds indicate that this is a significant mechanism of drug 
loss (methanol = 0.21 min-I, water = 0.098 min-I). An example of the 

Cmax. 

* Unpublished ~ M U I I S .  

evaporation study for methanol is givcn in Fig. 4. The rate constants of 
evaporation (k,) for these compounds were as expected, with the more volatile 
compound having the greater value. I f  thcsc values represent an accurate 
approximation of evaporation rates in oiuo, then the total rate constant for 
loss can be calculated as the sum of k 1 0  and kcv .  For methanol, the total loss 
rate constant (0.71 min-I) is -40% higher than for nonvolatile compounds 
(0.5 min-I). 

To  verify that methanol was not penetrating at a rapid rate due to toxic 
destruction of the corneal barrier, fluorometholone acetate was coadminist- 
ered. Results were identical to fluorometholone acetate levels obtained without 
methanol. 

The plots of C',,, oersus the log partition coefficient provide some insight 
into the relationships of the corneal penetration mechanism and the partition 
coefficient. Of particular interest is the observation that a clear dual-parabolic 
shape is demonstrated in the plot which includes only non-ionizable spccics 
(Fig. 5 ) .  This is consistent with predictions derived from the concept of the 
corneal epithelium or stroma as rate-limiting mcmbrdnes depending on the 
partitioning properties of the absorbing drug. I t  is also important to note that 
on a molar basis, small molecular weight (water-soluble) species such as 
methanol and ethanol have greater corneal permeability than larger molecular 
weight compounds. This argues against the conclusions of some investigators. 
who have postulated that watcr-soluble compounds should show little or no 
corneal absorption. A similar relationship between partition coefficient and 
aqueous humor drug levels for ionired species is not clear, as  shown in  Fig. 
6.  

DISCUSSION 

Vehicle Effects-Increasing vehicle viscosity from 1 to 90 cps did not result 
in an increase in  aqueous humor levels for compounds whose log partition 
coefficients ranged from I to 4. This is consistent with the expectation that 
these lipid-solublcdrugs quickly partition into thecorneal epithelium. Thus, 
the limited increase in contact time afforded by low-viscosity solutions should 
not and does not improve their bioavailability. Propranolol data are also 
consistent with this expectation, since this compound has a relatively high 
partition coefficient. Despite the fact that propranolol is largely ionized at  
physiological pH, the favorable partition coefficient of the un-ionized species 
predicts that no effect is expected from an increase in viscosity of administered 
solution. It is anticipated that the un-ioni7ed spccics will account for the 
majority of penetrating drug; therefore, the high degree of ionization also 
accounts for the decreased bioavailability of propranolol when compared with 
a steroid with a similar partition coefficient (such as hydrocortisone). 

The effects of viscosity on water-soluble compounds indicate that, for these 
species, the mcchanism(s) of corneal penetration are not well understood. 
Based on the partition coefficient alone, un-ioni7ed water-soluble species such 
as  glycerol or methanol are predicted to show modest increascs in bioavail- 
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ability from a viscous solution. Related processes, such as the possible water 
structuring of glycerol, may account for this discrepancy. Structured water 
could greatly inhibit transport of even a small molecule through a highly lipid 
membrane; also, water structuring may not be fully reflected in an equilibrium 
partition coefficient measurement. 

For methanol, the apparently high rate of corneal penetration, in light of 
its small molecular size, suggests that this compound may be passing through 
aqueous channels. No significant improvement in bioavailability is demon- 
strated with a viscous solution. It is obvious that the rate of transfer from the 
epithelium to the stroma for this compound will be very high (high kz3) .  This 
explains the very short peak time and, to some extent, the substantial levels 
of compound in the aqueous humor. The lack of i 
viscosity solution for methanol suggests several pos 
of a saturable mechanism within the epithelium. since a compound which 
already demonstrates saturable kinetics in the epithelial layer from a I-cps 
solution should reflect little improvement from moderately increased pre- 
corneal residence time. This proposes that methanol enters the epithelium at 
a fairly fast rate to a maximum solubility of the compound. Partitioning across 
this barrier occurs, followed by very fast transfer from the epithelium to the 
stroma and aqueous humor. The relatively low partition coefficient and linear 
change in aqueous humor levels with changes in dosing concentration, however, 
argue against this explanation. 

An alternate explanation for the lack of a viscosity effect on methanol 
bioavailability requires a calculated estimate for k12. Using the peak con- 
centration to give a rough estimate of the fraction of dose absorbed, since an 
accurate calculation of area under the curve is not possible, methanol dem- 
onstrates an -30-fold increase over pilocarpine. Using Eq. I ,  it is possible to 
calculate an estimate of k12. For methanol, the total loss rate constant, in- 
cluding evaporation, is 4 . 7 1  min-’. This provides an estimate for k12 of 0.3 
min-I. Decreasing residence time by a factor of 10 and maintaining the 
evaporation rate constant reduces k lo  to 0.26 min-I. An estimate of the 
fraction absorbed from,Eq. 1 predicts a value of 0.53 or a maximum increase 
of -I .75. As with pilocarpine, this calculation represents the miximum in- 
creaseexpected with a 10-fold increase in precorneal residence time, neglecting 
all other precorneal factors. In light of the fact that pilocarpine demonstrates 
only a factor of two increase from a calculated maximum of nine, little increase 
should be expected with methanol. Close inspection of these calculations re- 
veals that the increase in k lo  is responsible for the dramatic decrease in the 
effect of viscosity. Since reduction of residence time should have no effect on 
the rate constant for evaporation (kev ) ,  the total loss rate constant remains 
relatively high. For example. if the approximation of the fraction of methanol 
absorbed has been overestimated by a factor of two ( i .e . ,  k,, decreases to 0.15 
min-I), this only changes the estimation of maximum benefit from a viscous 
solution to 2.1. 

I t  is interesting that only pilocarpine and, to some extent, pyrilamine 
demonstrate vehicle effects in rabbits. Note that as the partition coefficient 
increases from that of pilocarpine to pyrilamine, the effect from a viscous 
solution decreases, as expected. Of importance also is the observation that as 
the percent increase falls below 50%. it becomes more difficult to discern 
statistical differences in the values between 1 -and 90-cps solutions. This in- 
dicates that in  an ideal situation, where errors in biological data were greatly 
reduced, the trends demonstrated for prcdnisolone and hydrocortisone could 
be the minimal increases in bioavailability expected for compounds with this 
range of partition coefficients. I t  should also be kept in  mind that the rabbit, 
as a model for human ocular kinetics, apparently demonstrates much less 
sensitivity to viscous solutions than the human eye does for vehicles in this 
viscosity range (22). 

Complicating the results for ionizable compounds is the possibility of 
penetration of ionized species through the cornea. Evidence of possible ionized 
drug movement through the cornea has been documented for cromolyn so- 
dium9. This compound, with a pK, of 2.0, is almost totally ionized at physi- 
ological pH; yet, significant drug levels in aqueous humor from solution dosing 
have been reported9 in rabbits and confirmed in this laboratory. 

I n  light of the results with compounds of relatively high log partition 
Coefficients ( I .O-4.0). one can visualize the epithelial layer acting in the same 
manner as a viscous solution for the ionizable water-soluble compounds, 
maintaining drug concentration at the rate-limiting mcmbrane. 

Partition Coefficient Relationship-The plot of aqueous humor drug 
concentration at 20 min Ljersus partition coefficient for un-ionized compounds, 
Fig. 5 ,  is a dual parabolic shape, consistent with expectations based on the 
proposed model of corneal penetration. I n  the high log partition coefficient 
range ( I  .O-4.0). a parabolic-shaped curve is indicated, although it is not as 
well defined as expected. It is obvious that compounds such as prednisolone 
and hydrocortisone do not penetrate the epithelial layer as well as fluo- 

V. H.-I..  I.ec. unpublished rcsults 

Log F-c 
Figure 6-Plot of molar concentration versus log partition coefficient for 
un-ionized and ionizable species. 

rometholone or fluorometholone acetate, and that progesterone partitions well 
into the epithelial layer but has extremely poor partitioning characteristics 
from this layer to the stroma (decrease in k23). The relatively low aqueous 
humor bioavailability for these drugs may be partially due to an increase in 
nonproductive absorption, since partitioning through these tissues, e.g., the 
conjunctiva and nictitating membrane, will increase as partitioning increases 
into the epithelium. 

The curve depicted in Fig. 5 shows a much more defined peak than the in 
Lirtro data prcsented by Schoenwald and Ward (4). The reasons for this may 
be twofold. First, the plateau effect seen in the Schoenwald and Ward (4) data 
may be due to saturation of the system at partition coefficients near the “peak”; 
therefore, no defined peak is observed. Second, effects from changes in pre- 
corneal disposition cannot be accounted for in these in oitro studies. With a 
low partition coefficient. drug is lost to a greater extent by tear turnover and 
drainage. As the partition coefficient increases, corneal absorption increases 
in a relative manner, and relative drainage loss decreases. At very high par- 
tition coefficient values, nonproductive absorption greatly increases; hence, 
the sharp peak in the curve of the aqueous humor drug level uersus the log 
partition coefficient. 

As the o/w partition coefficient incrcases, the concept of a changing rate- 
limiting membrane predicts that the peak time should increase, since parti- 
tioning into the stroma becomes less favorable. This represents a decrease in 
kz3 and should result in an increase in I,,, and a corresponding decrease in 
C,,,. I t  appears that this expected shift in peak time is obscured by the bio- 
logical variability of the data. Although the means of the concentrations for 
the steroid compounds demonstrate a progressive increase in peak time with 
increasing partition coefficients, this is at a low level of significance (j~ > 0.01). 
In general, the expected decrease in C,,, from a decrease in kz3 appears offset 
by the increase in corneal absorption (k12) due to favorable partitioning into 
the epithelium. The change in k 12. as  previously noted, has no effect on peak 
time. 

In the low log partition coefficient range (-2.0-l.O), a parabolic trend is 
also observed. This is most likely due to a combination of partitioning effects 
from the tears to the epithelium and then to the stroma. The pcak in this region 
is due to the fact that compounds here have the best combination of parti- 
tioning characteristics in the water-soluble range. At the extreme ranges. drugs 
with the lowest partition coefficients cannot readily pass the epithelial layer 
(low k l z ) ,  and no matter how ideal their partitioning to the stroma ( k z , ) ,  only 
low levels will be found in the aqueous humor. At the upper end of the 
water-soluble range, and the lower end of the oil-soluble range, it is probable 
that these compounds have both the epithelial layer and the stroma as  rate- 
limiting membranes (low kl2 and k23) ,  and therefore, have poor corneal 
permeability. The validity of the dual-parabolic shape of these results rests 
on the significance of the data for prednisolone and hydrocortisone. These data 
points are in substantial agreement with those of Schoenwald and Ward 
(4). 

Water and Small Molecule Permeition-When low molecular weight al- 
cohols were used, their rate of corneal penetration was much faster than the 
rate of most other molecules. Since the rate of elimination from the precorneal 
area by tear turnover should be essentially the same for these compounds as 
for all others, the shorter peak time observed must be due to an increase in  
transfer of drug from the epithelium to the stroma (k23) .  Important to this 
discussion are results reported by Donn et al .  (23) from a study utilizing 
[’H]H20 and [ 1 8 0 ] H 2 0 .  These investigators concluded that the transport 
for these two molecules was the same, within experimental error. thus ruling 
out the pssibility of hydrogen ion transport as opposed to molecular transport 
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for tritiated water. Significantly, they concluded that there is no active 
transport of water and that diffusion of water in the epithelium and endo- 
thelium is very close to the rate of diffusion for this molecule in  the stroma, 
which is composed of 70-80% water. Since water and methanol are both 
compounds of small molecular size, the above comments concerning the 
possibility of paracellular penetration through the epithelium are strengthened. 
Such a pathway has been proposed by Kaiser and Maurice for fluorescein (24). 
This leads to a mechanistic picture of drug movement through the epithelium, 
where both transcellular and paracellular routes for drug permeation are 
possible and probable for water-soluble drugs. It  is anticipated that tran- 
scellular drug penetration would be related to the partition coefficient, whereas 
paracellular movement would more likely be rclated to characteristics such 
as molecular size and aqueous diffusivity. 

Ocular Metabolism-- The results of metabolism studies in this work clearly 
indicate that, over the time period of 20-30 min in albino rabbits, the drug 
entities examined are not subject to appreciable degradation. Previously 
published work in the area of ocular metabolism must be considered before 
allowing such a simple conclusion. It is well documented that metabolism of 
pilocarpine is minimal in albino rabbits but increases in mixed breeds (25); 
since all work herein has been with albino species, this discussion will be re- 
stricted to studies using these animals. Studies in the area of ocular metabolism 
are limited in number, and the activity of different ocular enzymes appears 
variable; i.e., pilocarpine undergoes minimal degradation, whereas dipivefrin 
demonstrates significant corneal metabolism (25, 26). The degradation of 
atropine is dependent on atropine esterase, which is inherited through an in- 
completely dominant trait (27). Mydriatic response to atropine is significantly 
less in a rabbit with positive esterase than one without the enzyme. 

The area of steroid metabolism is equally confusing. One study (20) indi- 
cates that prednisolonc acetate is mctabolized completely to the parent alcohol, 
and one would therefore expect similar results with fluoromctholone acctate. 
However, minimal metabolism was detected dcspite the fact that two different 
solvent systems were used which could potentially separate the acetate and 
alcohol forms. Another study (28) utilizing steroid alcohols and ketones, re- 
ports metabolites of 5 15% from corneal and iris-ciliary tissue incubates. The 
results of thcse investigations agree with the present study for both hydro- 
cortisone and progesterone. The subject of ocular metabolism, its mechanism 
and location, is one which requires additional research. 

Dynamic versus Equilibrium Correlation-The original concept relating 
drug action to the partition coefficients, by Meyer (29) and Overton (30.3 I ), 
or to log partition coefficients, by Hansch and co-workers (32.33), demon- 
strated relationships between lipophilic character and biological activity. Many 
of these examples deal with drugs that bind to enzymcs, other proteins, or 
receptor sites. Current attempts to relate the partition coefficient and corneal 
penetration of compounds must rely on the fact that partitioning into the 
corneal layers mimics an equilibrium phenomenon: this is in fact difficult to 
imagine in the eye. Administered drugs have finite contact time with the 
corneal tissues. The dynamic aspect of corneal penetration is, therefore, being 
correlated with an equilibrium value of the partition coefficient; thus, one 
would not expect a good correlation between corneal absorption and the 
partition coefficient. 

A significant rate of loss (klo) controls the amount of drug reaching the 
target tissue, so steady-state kinetics, which should be accurately reflected 
by the partition coefficicnt. are not expected. Compounds with a very high 
rate of oil or water solubility can be expected to transfer more rapidly to their 
respective membrane of favorable partitioning. Therefore, some method of 
correlating the rate of partitioning with corneal penetration is desirablc and 
is currently being pursued in this laboratory. 

In summary, the present study has demonstrated that, as anticipated, a 
low-viscosity solution affords no benefit to compounds with a log partition 
coefficient > 1 .O. For these compounds, the rate-limiting membrane for corneal 
penetration is fairly well defined, although several factors influencing bio- 

availability, such as metabolism and nonproductive absorption, require further 
investigation and quantitation. Water-soluble compounds, on the other hand, 
are  not as well understood. 
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